Traditionally, individuals with obesity have been encouraged to participate in aerobic exercise for long-term weight management and improved obesity-related health outcomes. Recently, resistance exercise has become a popular mode of exercise among youth with obesity. However, to date, the literature is mixed as to whether resistance exercise training alone improves body weight, fat free mass, body composition, cardiovascular risk factors, or atherogenic lipoprotein profiles. The limited research in this area suggests potential sex differences in response to resistance training in youth. The literature is more consistent in demonstrating improvements in muscular fitness and insulin resistance independent of caloric restriction and weight loss. Although major health organizations recommend combining aerobic and resistance training, little research has examined the effects of their combination versus their individual effects, thus it is unclear whether their combination is associated with benefits that extend beyond those of either exercise modality alone. The purpose of this review is to examine the effects of resistance exercise on body composition and the health risk factors associated with cardiovascular disease and type 2 diabetes in youth with obesity.
INTRODUCTION
According to the World Health Organization 1 , the number of children and adolescents with obesity has increased from 11 million to 124 million during the past four decades. Although variations in the prevalence of childhood obesity exist across countries 1 , it is now apparent that childhood obesity is a major public health concern worldwide. It is well documented that children and adolescents with obesity are more likely than normal-weight children and adolescents to have obesity in adulthood 2, 3 , with a heightened risk of developing hypertension, dyslipidemia, insulin resistance, type 2 diabetes, and non-alcoholic fatty liver disease. [4] [5] [6] [7] [8] Of particular health concern is an increase in waist circumference in children and adolescents over time 9 since enlarged waist circumferences indicate increased visceral adiposity and is associated with numerous cardiometabolic risk factors independent of body mass index (BMI).
pendent of BMI and CRF. 18, 19 In children and adolescents, evidence suggests that muscular strength measured by a 1-repetition maximum (1-RM) or hand grip strength test is associated with lower insulin resistance and inflammatory biomarkers independent of CRF. 20, 21 These findings support the current public physical activity guidelines that children and adolescents (age 6-17 years)
should engage in muscle strengthening physical activity at least 3 days a week, in addition to regular aerobic physical activity. 22 The purpose of this review is to examine the effects of resistance exercise training on abdominal fat, insulin resistance, and CVD risk factors in children and adolescents with obesity. Given that major health authorities (e.g., Public Health Agency of Canada, U.S. Department of Health and Human Services, World Health Organization) recommend a combination of resistance and aerobic exercise training, we also explore the effects of combining resistance and aerobic exercise on cardiometabolic risk factors in children and adolescents.
EFFECTS OF RESISTANCE EXERCISE ON BODY COMPOSITION
Lifestyle interventions to increase physical activity and promote a healthy diet have been the first-line approach for treating youth with obesity. Because childhood obesity is a strong predictor of adult morbidity and early mortality 23 , early intervention is essential to prevent and reverse obesity-related risk factors in youth. Traditionally, adults with obesity have been encouraged to participate in aerobic exercise for long-term weight management. During the past decade, resistance exercise has also become a popular mode of exercise in youth with obesity, and some studies have demonstrated that engaging in resistance exercise improves muscular strength and lean body mass or skeletal muscle mass [24] [25] [26] and provides psychological benefits. 27, 28 Resistance exercise, both alone and combined with dietary interventions (e.g., reducing caloric restriction or sugar intake), has been examined for its effects on total and abdominal obesity in children and adolescents (Table 1) . As shown in Table 1 , most studies have used short-duration resistance exercise regimens (6-16 weeks); one study lasted 36 weeks. 29 Furthermore, most studies have used exercise durations of 40-60 minutes per session, 3 day/wk, and the vast majority of studies reported no significant weight loss following resistance training. For example, Shaibi et al. 24 examined the effects of a 16-week progressive resistance training program without caloric restriction (2 day/wk, 60 minutes per session, 10 single and multi-joint resistance exercises) on total fat measured using dualenergy X-ray absorptiometry (DXA) in a small sample of overweight Latino boys (BMI > 85th percentile). They observed no significant changes in body weight or total fat in the resistance exercise group, although significant increases in muscular strength (bench press and leg press 1-RM) and total lean body mass were found in the resistance exercise group compared with controls. tions; NE, nutrition education; SD, standard deviation; AA, African-American; AE, aerobic exercise; VO2peak, peak oxygen uptake; 1-RM, 1-repetition maximum; MRI, magnetic resonance imaging; VO2max, maximum oxygen consumption; CT, computed tomography; LPA, leisure physical activity; HRR, heart rate reserve; MI, motivational interview; HRmax, heart rate max; NA, not available; NAFLD, nonalcoholic fatty liver disease; DXA, dual-energy X-ray absorptiometry; LP, linear periodization; DUP, daily undulating periodization. [29] [30] [31] 33, 34, 36 included both boys and girls together in the analyses and did not examine the influence of sex on changes in study outcomes. Interestingly, the one study 26 to report reductions in visceral fat with resistance training included only boys. Thus, there could be sex differences in the body composition changes associated with resistance exercise. Clearly, further randomized controlled trials with large sample sizes are required to examine the influence of sex.
EFFECTS OF RESISTANCE EXERCISE ON INSULIN SENSITIVITY AND GLUCOSE TOLERANCE
Insulin resistance has been proposed as the underlying mechanism for the development of metabolic dysfunction and type 2 diabetes in youth with obesity. 51, 52 Insulin-resistant children and adolescents are more likely to have a cluster of metabolic abnormalities than their insulin-sensitive counterparts. 53 Although aerobic exercise has traditionally been recommended for children and adolescents with obesity, age-appropriate resistance exercise could improve musculoskeletal strength, cardiometabolic profiles, motor skills, and psychosocial well-being in youth. 54 We are currently aware of eight randomized controlled trials 24, 26, [30] [31] [32] [33] [34] [35] that examined the effects of resistance exercise training (alone or combined with dietary modification) on insulin sensitivity and glucose tolerance in youth with overweight or obesity ( Significantly different from RE, P< 0.05. BMI, body mass index; Δ, change score; RE, resistance exercise, reps, repetitions; HOMA-IR, homeostatic model assessment for insulin resistance; NE, nutrition education; FSIVGTT, frequently sampled intravenous glucose tolerance test; AA, African-American; SD, standard deviation; AE, aerobic exercise; VO2peak, peak oxygen uptake; 1-RM, 1-repetition maximum; VO2max, maximum oxygen consumption; OGTT, oral glucose tolerance test; LPA, leisure physical activity; HRR, heart rate reserve; HRmax, heart rate max; MI, motivational interview; NA, not available; NAFLD, nonalcoholic fatty liver disease; LP, linear periodization; DUP, daily undulating periodization. 
EFFECTS OF RESISTANCE EXERCISE ON TRADITIONAL CVD RISK FACTORS
It is well known that obesity, particularly abdominal obesity, is associated with high blood pressure and dyslipidemia in children and adolescents, independent of BMI. 10, 11, 55, 56 Furthermore, adolescents with obesity have greater arterial stiffness and endothelial dysfunction than their lean counterparts. [57] [58] [59] [60] Aortic pulse wave velocity (aPWV), a measure of arterial stiffness, and carotid artery intima-media thickness (cIMT) have been suggested as markers of subclinical atherosclerosis and have been used as surrogate measures of cardiovascular events in adults. 61 Iannuzzi et al. 60 showed that both boys and girls with obesity (6-14 years) have significantly higher systolic and diastolic blood pressure and increased cIMT and arterial stiffness than their lean controls. Gungor et al. 59 reported that aPWV is significantly increased in adolescents with obesity compared with their normal-weight peers. Increased cIMT and arterial stiffness in youth with obesity could increase their risk of atherosclerotic CVD if left untreated.
59,60
The effects of resistance exercise (alone or combined with a low caloric diet) on blood pressure and lipid profiles have been examined in children and adolescents with obesity (Table 3) . 31, 35, 36, 62 Sung et al. 36 reported no reductions in total or low-density lipoprotein (LDL) cholesterol following 6 weeks of resistance exercise combined with a low caloric diet (900-1,200 kcal/day, 20%-25% fat) compared with the low caloric diet only group in Chinese children with obesity (8-11 years, > 120% of the median weight for height). The previously mentioned 3-month intervention studies by Lee's group 62 also found no significant changes in aPWV, cIMT, blood pressure, or lipid profiles following either resistance or aerobic exercise alone (e.g., no caloric restriction) despite significant reductions in body fat. Perhaps, the lack of improvements in traditional CVD markers could be due to a basement effect because the study participants had normal blood pressure and lipid values prior to the exercise intervention. Alternatively, these results could indicate that greater obesity reduction is required to improve CVD markers in youth with obesity. However, a recent meta-analysis of randomized controlled trials in adults 63 reported that aerobic exercise, but not resistance exercise, was associated with significant improvements in arterial stiffness. Nevertheless, given the small number of randomized controlled trials and the relatively short resistance exercise interventions (8-16 weeks), the effects of resistance exercise alone on CVD markers are inconclusive in youth with obesity. Further studies with longer-term interventions are needed to verify the independent role of resistance exercise in improving traditional and non-traditional CVD markers in youth.
EFFECTS OF RESISTANCE EXERCISE COMBINED WITH AEROBIC EXERCISE ON CARDIOMETABOLIC MARKERS
In children and adolescents, several studies have examined whether combined exercise is better than aerobic exercise alone for improving total and abdominal fat (Table 1) , insulin resistance (Table 2) , and traditional CVD risk factors (Table 3) repetitions; AE, aerobic exercise; VO2peak, peak oxygen uptake; 1-RM, 1-repetition maximum; SD, standard deviation; HRR, heart rate reserve; NAFLD, nonalcoholic fatty liver disease; VO2max, maximum oxygen consumption; LP, linear periodization; DUP, daily undulating periodization; HRmax, heart rate max. To the best of our knowledge, only two randomized trials 46, 48 have examined the effects of all three exercise modalities (aerobic, resistance, and combined exercise) together in a pediatric population. Sigal et al. 48 investigated the influence of aerobic alone, resistance alone, and combined aerobic and resistance exercise training with caloric restriction (energy deficit 250 kcal/day for all groups) on total body fat (%) and cardiometabolic risk factors in a large sample of adolescents with obesity (n = 304, age 14-18 years). In that study 48, 49 , all exercise groups had reduced total body fat (aero- ); however, no significant group differences were observed in the changes in visceral fat, fasting insulin, fasting glucose or 2-hour glucose, or lipid profiles. 48, 49 Recently, Lee et al. 46 examined whether combined aerobic and resistance exercise is more effective than either aerobic or resistance exercise alone (without caloric restriction) in improving insulin sensitivity and reducing ectopic fat in the liver and skeletal muscle lipids in adolescents with overweight or obesity (n = 118, age 12-17 years). In that study 46 , exercise duration was similar among groups (all groups performed 3 day/week, 60 minutes/session for 6 months), and the exercise compliance did not differ between groups (aerobic, 91%; resistance, 89%; and combined exercise, 89%). Although all three types of exercise reduced body fat (%) and improved insulin sensitivity and oral glucose tolerance test 2-hour glucose, combined aerobic and resistance exercise and aerobic exercise alone were similarly beneficial in improving insulin sensitivity, and aerobic exercise alone was more effective than resistance exercise alone in improving insulin sensitivity.
CONCLUSION
Evidence demonstrates a strong association between muscular strength and cardiometabolic abnormalities in children and adolescents with obesity. Accordingly, current public physical activity guidelines 22 recommend that children and adolescents engage in muscle strengthening physical activities at least 3 days a week, in addition to aerobic activity.
To date, only a few randomized trials have examined the effects of resistance exercise alone on total and abdominal obesity and cardiometabolic risk markers in children and adolescents with obesity.
The pediatric literature contains wide variations in study design, resistance intervention duration (6 weeks-12 months) and frequency, subject characteristics (e.g., studying one or both sexes, pubertal status) and adherence to the prescribed exercise regimens. Limited evidence from well-designed randomized trials 46, 48 suggests that in the absence of weight loss, resistance exercise alone is associated with a significant increase in muscular strength and reductions in total fat and insulin resistance in previously sedentary adolescents with obesity. However, whether resistance training alone is associated with improvements in CVD factors is less clear. Nevertheless, incorporating resistance exercise into weight management interventions could be a useful strategy for improving muscular fitness and reducing obesity-related health risks in children and adolescents.
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